Introduction {#sec1}
============

Cancer immune escape plays a critical role in cancer progression. Tumor cells evolve multiple mechanisms to evade immune recognition or to regulate immune cell functions. Therefore, some therapeutic strategies have been developed to block the inhibitory signals received by T cells through cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) or programmed cell death-1 (PD-1).[@bib1]^,^[@bib2] However, not all cancer patients respond to these immunotherapies, suggesting additional immunoregulatory mechanisms.[@bib3]^,^[@bib4] Thus, more strategies designed to control cancer immune escape are very important.

Galectin-1 (Gal-1) is a member of the galectin family of β-galactoside-binding proteins.[@bib5] Previous studies have indicated that Gal-1 is highly expressed in many kinds of tumors and in the tumor stroma.[@bib6], [@bib7], [@bib8] Since 1995, Gal-1 has been found to induce the apoptosis of T cells. Gal-1 triggers T cell apoptosis by redistributing and segregating the clustering of CD3 and CD45 and the clustering of CD7 and CD43 into membrane microdomains.[@bib9] Gal-1 also acts as an antagonist in T cell receptor (TCR) signal transduction.[@bib10] Furthermore, a previous study on head and neck cancer revealed a strong inverse correlation between Gal-1 and CD3 expression.[@bib11] The first *in vivo* evidence of Gal-1-mediated immune regulation and tumor immune escape was demonstrated in a study on melanoma.[@bib12] Gal-1 knockdown in melanoma cells slowed tumor growth by decreasing T cells apoptosis. In lung cancer, cancer-derived Gal-1 activated lung cancer-associated fibroblasts and triggered the tryptophan 2,3-dioxygenase (TDO2)/kynurenine axis, which impaired T cell differentiation and function.[@bib13] In addition to tumors, high Gal-1 expression in the tumor stroma also plays a role in immunosuppression. Gal-1 is highly expressed in activated pancreatic stellate cells and induces T cell apoptosis in pancreatic cancers.[@bib14] Stromal Gal-1 can maintain the immunosuppressive microenvironment in pancreatic cancer. Taken together, these results show that Gal-1 acts as an immune suppressor by directly promoting T cell apoptosis or indirectly impairing T cell differentiation in tumor cells and their microenvironment. Therefore, Gal-1 could be a potential therapeutic target in cancer immunotherapy.

Aptamers are one of the new technologies applied to pharmacy and diagnosis. Aptamers are single-stranded DNA (ssDNA) or RNA molecules that bind to specific target molecules with high affinity and specificity. Similar to antibodies, some aptamers can antagonize the activity of target proteins such as VEGF[@bib15] and TLR2.[@bib16] For example, the TLR2 aptamer has been reported to inhibit the TLR2-mediated immune response by blocking the activities of the TLR2 and TLR2 downstream pathways.[@bib16] In addition to functional aptamers, some aptamers can also be modified by fluorescence, biotin, or nanoparticles.[@bib17]^,^[@bib18] Modified aptamers can label or kill tumors that express specific markers. For example, the aptamer of CD70, which is conjugated with ATTO-647N fluorescence, acts as an "aptasensor" for the sensitive and fast detection of CD70-positive SKOV-3.[@bib19] In an immunotherapeutic study, a programmed cell death ligand-1 (PD-L1)-targeting aptamer suppressed tumor growth by increasing the number of tumor-infiltrating T cells.[@bib20]

Because of the important roles of Gal-1 in cancer progression and immune escape, Gal-1 could be a potential immunotherapy target. Therefore, in this study, we focused on the extracellular functions of Gal-1 and selected specific DNA aptamers to target Gal-1. We used recombinant Gal-1 to screen DNA aptamers and identify a Gal-1-targeting aptamer, AP-74 M-545, after systematic evolution of ligands by exponential enrichment (SELEX) and aptamer array processes. We further used lung cancer mouse models to investigate the characteristics, functions, and effects of the Gal-1 aptamers. Our results show that AP-74 M-545 binds to human and mouse Gal-1, leading to T cell apoptosis restoration and tumor growth inhibition. These data suggest that AP-74 M-545 could be developed into a potential therapeutic strategy in cancer immunotherapy.

Results {#sec2}
=======

Gal-1-Targeting Aptamers Were Selected by His-Tagged Recombinant Protein SELEX {#sec2.1}
------------------------------------------------------------------------------

To identify the Gal-1-targeting aptamers, 10^15^ molecules of a random-sequence aptamer library were used to perform recombinant protein SELEX. The SELEX process was completed at the 10th round, and the selected aptamers were identified by TA cloning and DNA sequencing ([Figure 1](#fig1){ref-type="fig"}A). The aptamer candidates were analyzed by the sequence alignment software Clustal Omega[@bib21] and FASTAptamer.[@bib22] To shorten the aptamers and identify the binding region of aptamers to Gal-1, we designed and shortened aptamers by making customized synthetic aptamer arrays ([Figure S1](#mmc1){ref-type="supplementary-material"}). According to the results of the aptamer array, we selected six short aptamer candidates for further analysis ([Table S1](#mmc1){ref-type="supplementary-material"}). The binding affinity of AP-74 M-545, which showed the highest intensity on the aptamer array, was still high and comparable to full-length AP-74. AP-74 M-545 specifically bound to recombinant human Gal-1, with a K~D~ of 3.747 nmol/L ([Figure 1](#fig1){ref-type="fig"}B). Therefore, we chose AP-74 M-545 as our research target. The secondary structure prediction by M-fold showed that AP-74 M-545 contains two stem-loop structures at its 3′ and 5′ ends ([Figure 1](#fig1){ref-type="fig"}C). The prediction of the 3D structure and docking site further revealed that AP-74 M-545 might block the carbohydrate recognition domain of Gal-1 ([Figure 1](#fig1){ref-type="fig"}D). These data show that AP-74 M-545 binds to recombinant Gal-1.Figure 1AP-74 M-545, a Gal-1-Targeting Aptamer, Binds to the CRD of Gal-1(A) Schematic illustration of His-tagged recombinant Gal-1 SELEX. (B) The dissociation constant of AP-74 M-545 was analyzed by using a nitrocellulose filter binding assay (n = 3) and calculated with GraphPad software. (C) The predicted secondary structure of AP-74 M-545. (D) The predicted 3D structure of AP-74 M-545 (top) and the docking simulation of AP-74 M-545 (light gray) with Gal-1 protein (red and gray) (bottom). The yellow arrow points to the CRD of the Gal-1 protein.

AP74-M-545 Targets LL/2 Tumor Tissues and Suppresses Tumor Growth {#sec2.2}
-----------------------------------------------------------------

To investigate the functions of AP-74 M-545 *in vivo*, the LL/2 murine syngeneic tumor model was established. First, we examined the interaction between the aptamers and murine Gal-1. The amino acid residues of human and murine Gal-1 share 88% identity. The binding assay revealed that AP-74 M-545 bound to recombinant murine Gal-1, with a K~D~ of 3.753 nmol/L ([Figure 2](#fig2){ref-type="fig"}A). We further evaluated the biodistribution of AP-74 M-545 *in vivo*. IRDye 800-labeled aptamers were intraperitoneally injected into LL/2-bearing mice. The fluorescence signals of AP-74 M-545 in tumor tissues were significantly higher than those of the scrambled aptamers after 6 h of injection ([Figure 2](#fig2){ref-type="fig"}B). The intensity of the fluorescence signals of both the scrambled and AP-74 M-545 aptamers was similar in the liver, most likely because the DNA aptamers were metabolized mainly by the liver. The similar result of biodistribution was also observed in an LL/2 orthotopic lung cancer mouse model ([Figure S2](#mmc1){ref-type="supplementary-material"}). The expression of Gal-1 was further examined and showed that the level of Gal-1 in tumor tissue was much higher than in other organs ([Figure S3](#mmc1){ref-type="supplementary-material"}). These results suggest that AP-74 M-545 accumulates in tumor tissues by targeting Gal-1-overexpressing tumor cells and stromal cells. The tumor inhibitory function of AP-74 M-545 was further investigated in a murine syngeneic model and in immune-deficient non-obese diabetic (NOD)/severe combined immunodeficiency (SCID) mice. Intriguingly, AP-74 M-545 suppressed tumor growth only in C57BL/6 mice but not in NOD/SCID mice after intratumoral injection ([Figure 2](#fig2){ref-type="fig"}C). These data suggest that the tumor-suppressive effect of AP-74 M-545 might be associated with immune regulation.Figure 2AP-74 M-545 Accumulates in Tumors and Suppresses Tumor Growth Only in LL/2 Lung Cancer C57BL/6 Murine Tumor Models(A) The dissociation constant of AP-74 M-545 to murine Gal-1 was analyzed by using a nitrocellulose filter binding assay (*n* = 3) and calculated with GraphPad software. (B) Biodistribution of the IRDye 800-scrambled aptamer or IRDye 800-AP-74 M-545 (1 μg) 6 h after intraperitoneal injection (*n* = 4 mice/group). (C) The scrambled aptamer (2 mg/kg, *n* = 5) or AP-74 M-545 (2 mg/kg, *n* = 5) was injected intratumorally. The data are presented as the mean ± SEM and were analyzed by Student's *t* test. ∗P \< 0.05, ∗∗P \< 0.01.

AP-74 M-545 Increases Infiltrated CD4^+^ and CD8^+^ T Cells in Tumor Tissues {#sec2.3}
----------------------------------------------------------------------------

Tumor-derived Gal-1 has been reported to mediate tumor immune escape by inducing T cell apoptosis. To address whether the tumor suppression of AP-74 M-545 occurred via immune regulation, we further assessed the numbers of infiltrated CD4 and CD8 T cells in AP-74 M-545- and scrambled aptamer-treated tumor tissues. The immunohistochemistry staining analysis showed that the numbers of infiltrated CD4^+^ and CD8^+^ T cells were increased in tumor tissues of the AP-74 M-545-treated group ([Figure 3](#fig3){ref-type="fig"}). This result indicates that AP-74 M-545 suppresses tumor growth by increasing the T cell infiltration. An *in vitro* cell proliferation assay was performed to further exclude the direct growth inhibition of AP-74 M-545 on LL/2 cells. After aptamer treatment, the proliferation of LL/2 cells was not repressed by AP-74 M-545 ([Figure S4](#mmc1){ref-type="supplementary-material"}). The vessels in tumor tissues were also analyzed by CD31 immunohistochemistry staining. However, the number of vessels was not significantly different between the scrambled aptamer- or AP-74 M-545-treated groups ([Figure S5](#mmc1){ref-type="supplementary-material"}). Thus, these results suggest that AP-74 M-545 inhibits tumor growth mainly by blocking Gal-1-mediated immune regulation.Figure 3Tumor-Infiltrating CD4 and CD8 T Cells Are Increased in AP-74 M-545-Treated TumorsTumor-infiltrating CD4 and CD8 T cells were detected by immunochemistry staining. The data are presented as the mean ± SEM and were analyzed by Student's *t* test. ∗P \< 0.05, ∗∗P \< 0.01.

AP-74 M-545 Blocks the Binding of Gal-1 to T Cells and Reduces Gal-1-Mediated T Cell Apoptosis {#sec2.4}
----------------------------------------------------------------------------------------------

Previous reports have indicated that Gal-1 mediates T cell apoptosis by binding to T cell receptors such as CD45.[@bib23] We next investigated whether AP-74 M-545 blocked the binding of Gal-1 to T cells. Flow cytometry analyses showed that AP-74 M-545 reduced the binding of fluorescein isothiocyanate (FITC)-Gal-1 to T cells in a dose-dependent manner ([Figure 4](#fig4){ref-type="fig"}A). This result suggested that Gal-1-mediated T cell apoptosis could be rescued by AP-74 M-545. Therefore, we further examined whether AP-74 M-545 inhibited T cell apoptosis mediated by Gal-1. To examine T cell apoptosis, annexin V and propidium iodide (PI) staining of T cells was analyzed by flow cytometry. The apoptosis analysis revealed that AP-75 M-545 inhibited Gal-1-induced T cell apoptosis ([Figure 4](#fig4){ref-type="fig"}B). These results suggest that AP-74 M-545 reduces T cell apoptosis by blocking the binding of Gal-1 to T cells.Figure 4AP-74 M-545 Blocks the Binding of Gal-1 to T Cells and Reduces the Gal-1-Mediated T Cell Apoptosis(A) AP-74 M-545 dose-dependently blocked the binding of FITC-Gal-1 (1 μM) to Jurkat T cells. Blue peak, T cell only; orange peak, Gal-1 FITC only; green peak, Gal-1 FITC + scrambled aptamer; red peak, Gal-1 FITC + AP-74 M-545. (B) AP-74 M-545 dose-dependently reduced Gal-1 (1.3 μM)-induced T cell apoptosis by annexin V (FL-1)-PI (FL-2) staining. The data are presented as the mean ± SEM and were analyzed by Student's *t* test. ∗∗P \< 0.01, ∗∗∗P \< 0.001.

AP-74 M-545 Blocks the Binding of Gal-1 to CD45 and Rescues IL-2 Expression {#sec2.5}
---------------------------------------------------------------------------

We next determined whether AP-74 M-545 could block the biological activities of Gal-1. The binding of Gal-1 to CD45 on T cells has been reported to transduce apoptotic signal.[@bib23] Therefore, we wanted to confirm whether this binding could be blocked by AP-74 M-545. The binding of biotin-labeled Gal-1 to coated CD45 was analyzed by an ELISA. The binding was blocked by AP-74 M-545 but not by the scrambled aptamer in a dose-dependent manner ([Figure 5](#fig5){ref-type="fig"}A). Previous studies have shown that Gal-1 inhibited T cell activation and downregulated interleukin-2 (IL-2) expression.[@bib10]^,^[@bib24] Thus, we further investigated whether AP-75 M-545 recovered T cell activation and increased IL-2 expression. The results of the T cell activation bioassay (IL-2) showed that AP-75 M-545 elevated the IL-2 bioluminescent signal ([Figure 5](#fig5){ref-type="fig"}B). Moreover, we further investigated the expression of IL-2 in aptamer-treated LL/2 tumors *in vivo*. The expression of IL-2 was increased in the AP-75 M-545-treated group according to immunoblot analyses ([Figure 5](#fig5){ref-type="fig"}C). These results suggest that AP-75 M-545 not only blocks the binding of Gal-1 to CD45 but also rescues IL-2 expression.Figure 5AP-74 M-545 Blocks the Binding of Gal-1 to CD45 and Rescues IL-2 Expression(A) Ap-74 M-545 decreased the binding of Gal-1 to CD45. (B) T cell activation was detected by a T cell activation bioassay. (C) The expression level of IL-2 was increased in AP-74 M-545-treated tumor tissues from a murine model. The CD45 binding assay results are presented as the mean ± SEM and were analyzed by Student's *t* test. ∗∗∗P \< 0.001.

Discussion {#sec3}
==========

Gal-1 is a member of the galectin family that exists as a homodimeric protein with two carbohydrate recognition domains (CRDs). Previous studies support that the involvement of Gal-1 contributes to tumor progression (i.e., tumor growth, angiogenesis, metastasis, and tumor cell migration). Most importantly, increasing evidence has indicated that Gal-1 suppresses the tumor immune response due to its immunosuppressive effect. Thus, overcoming Gal-1-mediated tumor immune escape is an important issue in cancer therapy.

Here, we developed the first Gal-1-targeting DNA aptamer, AP-74 M-545, and demonstrated that it suppresses tumor growth by affecting the tumor immune response. AP-74 M-545 exhibited antitumor effects in wild-type C57BL/6 mice but not in immunodeficient NOD/SCID mice by increasing the number of tumor-infiltrated CD4^+^ and CD8^+^ T cells. Similar results were observed in Gal-1-knockdown murine breast cancer models.[@bib25] Increased CD4^+^ and CD8^+^ T cells in tumor tissues were also observed in mice treated with Gal-1-targeted short hairpin RNA (shRNA). These results suggest that targeting Gal-1 could be a feasible and novel strategy to restore tumor-specific immune cells. To explore the underlying mechanisms, we demonstrated that AP-74 M-545 blocked the binding of Gal-1 to CD45, the major Gal-1 binding receptor on T cells, and reduced Gal-1-mediated T cell apoptosis *in vitro*. In addition to reducing T cells apoptosis, AP-74 M-545 also increased the expression of IL-2, an important factor for the activation of the immune system,[@bib26] indicating that targeting Gal-1 by aptamers not only rescues but also activates immune function. Our research is the first to use an aptamer to target Gal-1 and examine its cancer immune escape function and provide a useful way to eradicate cancer.

To date, several Gal-1 inhibitors have been developed and studied in cancer therapeutic research such as thiodigalactoside (TDG),[@bib27] OTX008,[@bib28] anginex (β pep-25),[@bib29] and GM-CT-01.[@bib30] These inhibitors contribute to tumor growth inhibition and antiangiogenesis and reduce the dissemination of tumor cells.[@bib31] Among these inhibitors, TDG and GM-CT-01 are similar to AP-74 M-545 and restored T cell surveillance in a murine model.[@bib27]^,^[@bib32] However, AP-74 M-545 also rescued the expression of IL-2, indicating that AP-74 M-545 acts as a Gal-1 inhibitor and simultaneously increases and activates T cells. However, unlike other Gal-1 inhibitors, AP-74 M-545 did not inhibit tumor cell growth directly *in vivo* or *in vitro*. Although cell growth is not repressed by AP-74 M-545, AP-74 M-545 does not affect the functions of normal cells. We demonstrated the possibility of testing the effects of aptamers on normal lung bronchus cells. Although some Gal-1 inhibitors have been found to inhibit tumor angiogenesis, we found that the number of blood vessels was not significantly changed in AP-74 M-545-treated tumors. These data suggest that without the immune system, AP-74 M-545 does not inhibit tumor growth by affecting tumor cell growth or angiogenesis, and this finding was proven in immune-deficient mice. Previous studies have revealed that Gal-1 also promotes tumor metastasis. Some Gal-1 inhibitors have been demonstrated to reduce cancer cell migration and metastasis. For example, TDG reduces murine lung metastasis by inhibiting Gal-1-mediated cancer cell adhesion to the basement membrane and endothelial cell surfaces.[@bib33] These findings suggest that targeting Gal-1 may represent a promising and effective antimetastatic therapy. Although our study did not focus on cancer metastasis, we tested whether AP-74 M-545 affects cancer cell migration. We found that AP-74 M-545 suppressed the migration of lung cancer cells *in vitro* (data not shown). However, the antimetastatic effect of AP-74 M-545 requires additional experimental evidence in the future.

Aptamers are natural oligonucleotides and are selected for therapeutic applications with many advantages, such as low immunogenicity, low chemical toxicity, and ease of metabolizing. However, the rates of degradation and metabolism are major concerns of aptamer-based therapeutics for clinical applications. Previous studies have revealed that the half-life of unmodified aptamers is only 4--6 h *in vivo.*[@bib34] In view of its short half-life, the further approach to extend the residence time of an aptamer is an important issue. The current research focused on improving three aspects: nuclease resistance, increasing the binding affinity or target selectivity, and the resistance of renal clearance.[@bib35] In our study, AP-74 M-545 targeted the tumor tissue in a murine model, with a 0.97 ± 0.14 tumor-to-liver ratio, and could even be rapidly metabolized by the liver. However, Gal-1 aptamers must be modified to extend the retention time *in vivo* for further clinical use. Therefore, modifying the Gal-1 aptamer to prolong its half-life will be our next goal.

In summary, we developed a Gal-1-targeting aptamer, AP-74 M-545, that inhibits tumor growth by reducing T cell apoptosis. We demonstrated that AP-74 M-545 blocked the binding of Gal-1 to T cells and its receptor, CD45. These findings provide a novel targeting strategy for Gal-1 in cancer immune escape.

Materials and Methods {#sec4}
=====================

Aptamers {#sec4.1}
--------

All ssDNA aptamers were synthesized by Integrated DNA Technologies (IDT, Coralville, IA, USA). The ssDNA library used in the SELEX process was composed of 40-nt-long random sequences flanked by the amplifying primer sequences, 5′-ACGCTCGGATGCCACTACAG-\[N\]~40~-CTCATGGACGTGCTGGTGAC-3′ (N = A, T, C, or G). The sequences of primers used for amplifying aptamers were forward, 5′-ACGCTCGGATGCCACTACAG-3′ and biotin-labeled reverse, 5′-GTCACCAGCACGTCCA TGAG-3′.

Cell Culture {#sec4.2}
------------

The human lung cancer cell line CL1-5 was cultured in RPMI 1640 medium (Gibco, Life Technologies, USA). The murine lung cancer cell line LL/2 was cultured in DMEM (Gibco). The Jurkat T cell line was cultured in RPMI 1640 medium (Gibco). All culture media were supplemented with 10% fetal bovine serum (Gibco).

Recombinant His-Tag Protein SELEX {#sec4.3}
---------------------------------

The human Gal-1-targeting aptamer was isolated by using a His-tag protein SELEX method. Recombinant his-tagged human full-length Gal-1 protein was expressed by *E. coli* and confirmed to be a dimer form by mass spectrometry. In the first round of SELEX, the ssDNA library containing 10^15^ molecules was incubated with 2 μg of recombinant his-tagged human full-length Gal-1 protein and nickel-nitrilotriacetic acid (Ni-NTA) magnetic agarose beads at 25°C for 30 min in His-tag binding buffer (2.95 mM KCl, 1 mM MgCl~2~, 2.4 mM CaCl~2~, 0.1% Tween 20, and 10 mM imidazole in 1× PBS, pH 7.0). Ni-NTA magnetic agarose beads that bound with Gal-1 and aptamers were precipitated using a magnet. The unbound aptamers were washed out by repetitive washing with binding buffer. The Gal-1 was eluted together with Gal-1-bound aptamers by His-tag elution buffer (500 mM imidazole and 0.02% Tween 20 in PBS). After the 10th round of SELEX, Gal-1 bound aptamers were cloned to TA vectors and sequenced.

Customized Synthetic Aptamer Microarray {#sec4.4}
---------------------------------------

The sequences of Gal-1-binding aptamers were shortened and designed by using software from Academia Sinica, Taiwan. All of the sequences were then synthesized by CustomArray (WA, USA) in duplicate to decrease oligonucleotide dropout and increase uniformity.

Nitrocellulose Filter Binding Assay {#sec4.5}
-----------------------------------

Biotin-labeled candidate aptamers were incubated with serially diluted recombinant human Gal-1 protein (1.25, 2.5, 5, 10, 20, 40, 80, and 160 nM) or mouse Gal-1 protein (1.25, 2.5, 5, 10, 20, 40, 80, and 160 nM) at 37°C for 30 min in SELEX buffer. The aptamer-bound Gal-1 protein was collected on a nitrocellulose filter, and the nitrocellulose filter was blocked with 5% BSA for 30 min at room temperature (RT). The nitrocellulose filter was incubated with horseradish peroxidase (HRP)-conjugated streptavidin for 30 min at RT and washed three times with SELEX buffer. The nitrocellulose filter was incubated with Luminata Crescendo Western HRP substrate (Millipore, MA, USA) for 1 min and exposed to X-ray film. The quantification of each bound aptamer spot was determined by ImageJ software, and the K~D~ of the aptamer for human or mouse Gal-1 recombinant protein was calculated with GraphPad Prism 5 software (GraphPad, San Diego, CA, USA) using the equation, Y = A~max~ × X/(K~D~ + X).

Aptamer Structure and Aptamer/Protein Docking Site Prediction {#sec4.6}
-------------------------------------------------------------

The secondary structure of AP-74 M-545 was predicted by M-fold web software (<http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form>). Because of the lack of ssDNA 3D structure prediction software, the 3D structure of AP-74 M-545 was predicted by modeling as an RNA aptamer using RNAComposer (<http://rnacomposer.cs.put.poznan.pl/>). The docking sites of the AP-74 M-545 and Gal-1 (PDB: [1GZW](pdb:1GZW){#intref0025}) proteins were predicted by using the PatchDock server (<http://bioinfo3d.cs.tau.ac.il/PatchDock/>).

Mouse Syngeneic Tumor Model {#sec4.7}
---------------------------

LL/2 cells (1 × 10^5^) were injected subcutaneously into C57BL/6 mice. Mice were randomly separated into two groups, those that received scrambled random oligonucleotides (2 mg/kg) or AP-74 M-545 (2 mg/kg), until the long axis of the tumors reached 2--3 mm. Scrambled random oligonucleotides (n = 5 mice/group) or AP-74 M-545 (n = 5 mice/group) was administered once by intratumoral injection when the tumors reached 2--3 mm. The body weight of each mouse was measured before and after aptamer treatment. All animal experiments were performed according to guidelines of the Animal Care Ethics Commission using a standard protocol approved by the Laboratory Animal Center, College of Medicine, National Cheng Kung University, Tainan, Taiwan.

Biodistribution of AP-74 M-545 {#sec4.8}
------------------------------

The 5′ IRDye 800-labeled scrambled aptamer (1 μg) or AP-74 M-545 (1 μg) was injected intraperitoneally into two groups of LL/2 tumor-bearing mice. The mice were sacrificed 6 h after injection. Tumors and other organs (hearts, livers, spleens, lungs, and kidneys) were collected and the fluorescent signals of these tissues were emitted and detected by a Xenogen IVIS (*in vivo* imaging system) Spectrum noninvasive quantitative molecular imaging system (Caliper Life Sciences, PerkinElmer). The average fluorescent signal from the PBS-treated group was defined as the background signal in the analysis and statistics.

Binding of Gal-1 to CD45 by ELISA {#sec4.9}
---------------------------------

Recombinant human CD45 (1430-CD, R&D Systems) was coated onto a 96-well plate (25 ng/well) at 4°C overnight. After coating, the coated wells were blocked with 1% BSA in PBS for 1 h at RT. Biotin-labeled Gal-1 (0.5 μg/mL), which was preincubated with scrambled aptamer or AP-74 M-545 (3.2 to 0.050 μM, 2-fold serial dilution) for 1 h, was added to each CD45-coated well and incubated for 1 h at RT. The plates were washed with PBS and incubated with streptavidin-HRP diluted in PBS containing 1% BSA for 1 h at RT. The plates were washed with PBS. 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Thermo Scientific) was added and incubated for 15 min. The reaction was stopped with 2 N H~2~SO~4~. The absorbance at optical density 450 (OD~450~) was read by a microplate ELISA reader (Tecan).

Immunohistochemical Staining of Tumor {#sec4.10}
-------------------------------------

Scrambled aptamer- and AP-74 M-545-treated tumor tissues were collected, fixed in 10% formalin, dehydrated, and embedded in paraffin. 5-μm-thick tissue sections were sliced, deparaffinized, rehydrated, and heated for 40 min for antigen retrieval in citrate buffer (pH 6.0). Primary antibodies against mouse CD4 (Thermo Scientific), CD8 (Thermo Scientific), or CD31 (Abcam) were diluted in antibody diluent (Biocare Medical) at a 1:200 dilution. Biotin-labeled anti-rat and anti-rabbit secondary antibodies (Jackson Laboratory) were used in a 1:200 dilution. Streptavidin-HRP were used to detect the antigens and visualized by 3-amino-9-ethylcarbazole (AEC) substrate-chromogen (Dako), followed by hematoxylin counterstain.

Flow Cytometry Analysis {#sec4.11}
-----------------------

FITC-labeled Gal-1 (1 μM) or FITC-labeled Gal-1 that was preincubated with scrambled or AP-74 M-545 aptamer (5 and 10 μM) was added to Jurkat T cells for 60 min at 4°C. These FITC signals of Gal-1-treated Jurkat T cells were further washed and analyzed by a FACSCalibur cell analyzer (BD). In the T cell apoptosis assay, Gal-1 (1.3 μM), which was preincubated with scrambled or AP-74 M-545 (2.5, 5, and 10 μM) aptamer, was added to 1 × 10^5^ Jurkat T cells for 12 h at 37°C. The Gal-1-treated Jurkat T cells were collected and stained by an FITC annexin V/PI kit (Invitrogen). The staining T cells were washed and analyzed by a FACSCalibur cell analyzer (BD).

T Cell Activation Bioassay (IL-2) {#sec4.12}
---------------------------------

The Gal-1 highly expressed CL1-5 cells were seeded at 4 × 10^4^/well in 96-well plates. Scrambled or AP-74 M-545 aptamers were prepared in 4-fold serial dilution (from 256 to 0.0039 nM) and added to the pre-plated CL1-5 cells. TCR/CD3 effector cells (IL-2) at 1 × 10^5^/well were added to each well containing CL1-5 and aptamer dilutions at 37°C for 6 h. 75 μL of Bio-Glo reagent was added to each well of the assay plate and incubated at 37°C for 10 min. Luminescence was detected by using a luminescence plate reader.

Western Blotting {#sec4.13}
----------------

Total proteins were extracted from aptamer-treated tumors in murine model using a radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitor cocktail (Roche Applied Science). Primary antibodies against the murine IL-2 (Abcam) and α-tubulin (Sigma) were used at a 1:5,000 dilution. HRP-labeled secondary antibodies were used at a 1:5,000 dilution (Santa Cruz Biotechnology).

Statistical Analysis {#sec4.14}
--------------------

The data in bar graphs were presented as means ± standard error of the mean and were analyzed using a Student's t test. A p value \< 0.05 was considered statistically significant.
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